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The distal limb pressure device designed
and created by this team served to help
individuals alleviate swelling in their
lower legs, known as lymphedema. The
project was to be a mobile, inexpensive,
functional therapeutic device to help
active individuals for whom current
existing solutions are ineffective.
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Team members: Olivia Beckham, Jenna Fortner, Nick Nelson
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Abstract

This report provides an overview of the development and testing of a wearable, pneumatic distal
limb pressure device, called “LymphGo”, designed to manage swelling in the calf caused by
lymphedema. Lymphedema is caused by insufficiency or damage in the venous system,
manifesting itself as swelling due to the buildup of lymphatic fluid, especially in the lower
legs. Compression methods are currently the most common method of symptom management.
These devices are either inadequate in redistributing fluid up the leg to alleviate swelling and cause
painful ulcers due to consistent static pressure or completely immobilize the user to achieve
adequate functionality. The device described in this report seeks to create a mobile, actively driven
device to act as a middle ground between existing solutions to help manage or lessen the symptoms
of lymphedema.
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1. Introduction
1.1. Project Description
This capstone project was developed by Dr. Nathan Kemalyan, a burn surgeon at Legacy Medical.
He is experienced with patients afflicted with lymphedema of all backgrounds. The project was
proposed by him to the Shiley School of Engineering and centered around creating an effective
therapeutic device for individuals with lymphatic fluid accumulation in their lower limbs. His
observations were focused on individuals for which existing devices were insufficient. The goal
of this project was to develop a mobile, low-profile, functional therapeutic device to address the
edema management needs of many patients.

1.2. Project Scope
Lymphedema is a medical condition that exists in various stages and stems from a variety of
causes. The group decided to address a finite demographic of patients so that they could address a
specific set of patient needs thoroughly. The group was focused on active individuals with lower
stage lymphedema who were unable to utilize existing therapeutic methods because they were
insufficient in functionality or in mobility. This project was aimed at accomplishing both mobility
and adequate pressure application.

2. Background
2.1. Physiology
Today, over 4 million Americans are afflicted with edema [1]. Edema is defined as the
accumulation of excess lymphatic fluid in soft tissues, and it generally manifests itself as
swelling [2]. Often found in the distal or lower extremities of the body, edema is generally caused
by several factors, including venous insufficiency, pregnancy, aging, diabetes, obesity, injury, or
surgery.
When veins are healthy, fluid flow is promoted by the calf-muscle-pump. When muscles contract,
such as when walking, pressure is applied to the veins, causing a small valve in the vein to open
and allow blood to move upward and back into the circulatory system, as seen in the schematic
of Figure 1. Lymphatic fluid travels up and around the heart [4]. Likewise, when calf muscles are
relaxed, the valves of the veins close to prevent this fluid from flowing, due to gravity, back down
the veins and pooling. However, venous insufficiency or injury can inhibit the proper functions of
these valves, specifically from closing fully (Figure 1). When high pressures are applied to the
veins, fluid can seep through the walls of the weakened veins and into the surrounding soft tissues,
causing swelling [5].
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Figure 1: An image describing the blood flow when muscles contract around health veins (left)
and incompetent veins (right) [1].
Edema can be classified into four different stages of severity [7]. Generally, stage 1 lymphedema
is asymptomatic. Stages 2 and 3 produce noticeable swelling about the circumference of the leg.
Finally, during stage 4 lymphedema, the appearance of the leg is severely distorted [7].
Edema can cause a wide range of side effects and complications. Swelling can occur either
unilaterally, as in Figure 2, or bilaterally in the distal limbs. The swelling can cause a range of
discomfort, weaken the skin and cause ulcers. Long-term ulcers increase the risk of infection,
which can lead to further health complications.

Figure 2: A diagram showing unilateral swelling in the distal limb [2].
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Figure 3: Diagram with venous skin ulcer [3].
Over time or in later stages of lymphedema, fluid accumulation in the distal limbs can act as an
added weight around the ankles, causing changes in walking gait that affect its natural symmetry
and negatively alter posture [2].

2.2. Existing Solutions
2.2.1. Treatments
There are currently no cures for lymphedema that can reverse the effects of vein insufficiency or
weakening. There are also no current medical or mechanical replacements for the failed
components of the venous system. Therefore, addressing lymphedema includes management
techniques and symptom alleviation. Current symptom alleviation methods include elevation,
compression, and exercise. For more severe cases of lymphedema, surgery or diuretic medications
may be viable directions; however, there are many post-operational risks and potential sideeffects [7].
Compression methods physically drive the fluid up the leg for redistribution. Physical exercise
helps strengthen the calf-muscle-pump. Finally, elevation works with gravity to allow excess fluid
to travel passively back to the heart and the lymphatic system.
2.2.2. Current Products and Patents
Two products used for redistributing lymphatic fluid in the lower extremities are compression
stockings and inflatable trousers, as seen in Figure 4. Compression stockings are widely available
and are generally graded at 15-40 mmHg of pressure [4]. Beneficial to the consumer, they are
generally inexpensive, accessible (can be found at any drug store), and provide aid to any stage of
lymphedema. They also allow the user to remain mobile and wear any type of footwear.
Unfortunately, the socks must have a tight fit around the leg. This makes the sock difficult to put
on and take off, especially for those who have wide fluctuations in the amount of swelling they
experience daily. The most concerning part is that the constant pressure applied to the skin can
cause ulcers and therefore risk of infection.
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On the other hand, inflatable trousers provide modulated, alternating, and sequential pressure.
Because the trousers apply pressure to one region of the leg, and then release the pressure at that
region and move up the leg, there is a lesser chance of developing ulcers or lesions on weakened
skin because there is not a constant pressure that causes the skin to break. Inflatable trousers,
however, need to attach to a large pump that must be powered through a wall outlet. This means
the user must be immobilized while the system is running. The trousers and pumping system are
also more expensive than compression stockings, and generally require an additional person to
operate, such as a medical professional. Due to the need for immobilization and occasional
clinician visits, inflatable trousers require extensive time commitments that are not feasible for
patients [4].

Figure 4: Existing solutions for lymphedema management: (a) inflatable compression trousers
and (b) compression stockings [5], [6].

2.3. Observations
Dr. Nathan Kemalyan, a general surgeon who specializes in burn and hernia treatment, was the
industry sponsor and advisor for the Distal Limb Pressure Device team. At the start of the project,
Dr. Kemalyan provided the team with a general concept and set of criteria for the design. He
emphasized that an understanding of the general population’s lower extremities could benefit the
team by demonstrating the wide range of lymphatic stages. He also stressed gaining an
understanding of walking gait differences, and how the morphology of feet and calves affect gait.
During these observations, the team recognized the different degrees of lymphedema, from mild
to noticeable swelling, as well as how lymphedema occurs in one leg or in both legs.
The team also spoke with individuals afflicted with the condition at a variety of stages. Individuals
like hairdressers, auto mechanics and moms of young children all reported similar levels of painful
swelling in their lower legs due to being on their feet during the extent of most days.
Dr. Kemalyan expressed that current external devices serve as a patch, rather than a treatment and
that there are patient accountability issues. If a device is too difficult to use or uncomfortable, the
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patient will abandon it and symptoms will worsen. For this reason, Dr. Kemalyan stressed the
importance of an adjustable, easy to use device. Additionally, these devices tend to be bulky,
require the patient to be completely stationary and close to a wall outlet. Therefore, many current
treatment methods are not viable for active individuals or those whose careers require standing
and walking, such as teachers and nurses. Therefore, Dr. Kemalyan tasked the team with
addressing such problems by creating a proof of concept for a wearable, easy to use, mobile, and
low-profile device to aid a person with an insufficient lymphatic return system.

2.4. Experiences
To assist in deepening the understanding of this disease, the team connected with Helen Christians,
a retired occupational therapist who specialized for over 30 years in compression systems. Helen
and the team discussed lymphedema and the specific biological features it affects. She informed
them of the necessary criteria concerning lymphedema patients and device design. She gave the
team insight into the functions of the calf-muscle-pump and the vascular pathways of lymphatic
vessels.

Figure 5: A photo from the team's informative meeting with Helen Christians (back right) and
Dr. Nathan Kemalyan (back left). Nick Nelson, Jenna Fortner, Olivia Beckham, and Kiley
Gersch (front row from left to right) are pictured wearing pressure devices.
The team was informed of the maximal pressure range that should be pursued so as not to occlude
or cut off vessels. Additionally, she offered that swelling from lymphedema appears all throughout
the distal limb, so compression would be necessary on the foot to prevent the pressure application
on the calf from sending the fluid downward. This informed the team’s decision to pursue
modifications to compression stockings and inflation methods.
Finally, Helen allowed the team to test several current compression devices to be informed of the
real benefits and draw backs that were experienced by patients. As healthy, young individuals,
each member of the team had a fairly difficult time putting on compression stockings and the
inflatable trousers. The fact that most lymphedema patients experience symptoms as they age
indicates that this difficulty would be far worse for real patients.
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2.5. Impact
2.5.1. Influential Factors
The influential factors considered in the design of the device for minimization of impact on patient
life include size and weight, noise, battery, sustainability of materials and ease of use. There were
many other factors that came into play when the team was designing and developing the pressure
device. One of the biggest considerations was its viability for mass production. The prototype that
the team completed was custom-fit to a specific leg shape; however, the team felt that the design
could be sized up or down to fit a wider variety of legs, and could be produced in sizes such as
extra-small, small, medium, large, and extra-large. This would increase the manufacturability of
the product. The team also had to consider manufacturability when designing the rotating valve,
such that it would be feasible for mass-production. The fabrication of the design elements such as
the airbags had to be considered, as well as power-sources utilized. Cost was a major factor, as the
team wanted to be able to provide a device that could be easily accessible by the public. Finally,
user comfort with the types of fabrics used and position of the seamlines also had to be considered.

2.5.2. Areas of Impact and Consequences
2.5.2.1.

Economics

A therapeutic medical device of this classification is normally paid for by the patient, as existing
methods are. This is essential to avoid working with complex insurance companies and processes
to get the device paid for. In addition, the device was produced with cost considered throughout
the development process. Therefore, the device would be a fraction of the cost of the comparably
functional Normatec Trousers, which run upwards of $1000. The consideration of cost in the
design process allowed for the negative impact on patient finances to be minimized.
2.5.2.2.

Social

A secondary priority in the low-profile nature of the device was to reduce the stigma surrounding
treatment for lymphedema. By keeping the pressure application structure close to the leg, this
device would allow active patients with lymphedema to not only be mobile during application but
also wear the device discreetly beneath clothing. The design consideration to isolate much of the
weight and noise production on the hip (pump, valve, and control system) aided in reducing the
noticeability and size of the lower portion of the device. Decreased stigma associated with medical
wearable devices increases the likelihood that patients will consistently use the device.
2.5.2.3.

Environmental
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As with any engineering design, environmental impact must be considered. The device was
designed to have the Arduino, pumping system, and motor powered by a battery. Batteries
contribute to air and water pollution when they are disposed into landfills and when mining occurs
to obtain the necessary raw materials to manufacture the batteries. For this reason, the team chose
to reduce such pollution by utilizing rechargeable battery packs, mitigating the debris produced.
In addition, the team chose to heat-weld the airbags because that method provided the cleanest and
most airtight seal. However, because the airbags were developed out of PVC-coated nylon, the
PVC had to melt to produce the seal. When PVC is heated, it releases dioxins, which can cause
immune system suppression and hormonal system disruption [7]. PVC also releases formaldehyde,
which can cause watery eyes, nausea, rashes, and headaches [7]. Inhaling such fumes is unhealthy
to the manufacturer and to the environment, so a proper ventilation system is requisite.

3. Problem Statement
“Create a low-profile, wearable device for active individuals which supplies sequential pressure
up the user’s calf to manage or lessen symptoms of lymphedema.”
The team was to design a low-profile, wearable, maintenance device for distal limb swelling
caused by lymphedema. The device would supply sufficient massaging (rolling, peristaltic, etc.)
pressure to maintain or reduce swelling in individuals with stage 1 to early stage 3 lymphedema
without being restrictive to the user’s motion. The device would also be simple to don and doff.
Millions of people are afflicted with lower leg edema, and there are currently no existing solutions
providing sequential rolling pressure to the lower extremity while maintaining a discreet
appearance, able to be utilized on-the-go throughout the day, and is easy for the user to put the
device on and take the device off.
The user the team designed for is an active individual who spends hours a day on their feet. The
user does not necessarily have time to sit and elevate their leg, nor do they have the time to use an
inflatable, immobile air boot. With a busy, active lifestyle, the user may not always remember to
wear compressive stockings, so after a few days it may become difficult to don and doff these
stockings. The user may also experience issues with ulcers from the constant pressure provided by
compression stockings. Therefore, the user needs an adjustable, wearable device that can be worn
throughout the day and provide sufficient rolling pressure to assist with the swelling.
As age is one of the factors causing lower limb edema, there is a greater need for a mobile solution
providing rolling pressure. Within the next decade, the need for an accessible, standardized
solution that can be worn to assist anyone with low-stage lymphedema will be necessary. Being
able to design such a device to meet those needs today would mean that in the future, anyone could
receive the necessary compression without having to sacrifice time for use.
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4. Design Criteria
4.1. Constraints
Design constraints guided the team during the process of design and development by providing a
list of defined requirements that would best meet the needs of the project. Table 1 outlines the
design criteria that the team defined in the early stages of the project in fall 2018. Each criterion
was ranked based on the degree of importance that the final design should adhere to. Items with a
higher-ranking indication should be catered to and not compromised during the design process.
Such criteria held higher precedence during design decisions and conceptual brainstorming.
Table 1: Design constraints
Description of Constraint
The profile should not exceed a thickness 1 inch from the surface of the leg
The weight should not exceed 1.5 pounds on the user’s leg
The final device’s cost of assembly should not exceed $150
The appearance of the device should meet the aesthetic criteria of the client
The device should pass a ‘breathability test’

Priority
Rating
High
High
Medium
Medium
Low

4.2. Functional Requirements
Table 2 describes functional requirements, which are criteria that emphasize the expectations for
the function of the device.
Table 2: Functional requirements
Description of Requirement
Priority
Rating
Maintains or reduces swelling in individuals with stage 1-3 lymphedema
High
Apply a massaging pressure up the leg
High
Apply pressures from 15-40 mmHg
High
Takes less than 90 seconds to don and doff
Medium
Slows walking speed by less than 10%
Medium
Reduces ability for ankle flexion/extension by less than 10%
Medium
Skews hip alignment no more than 10%
Medium

5. Selection Methods
5.1. Concepts
To meet the criteria given in section 4, three general concepts were developed to deliver adequate
massaging pressure to the calf. The pressure application modes were fluid, tension, and
mechanical. Figure 7 illustrates sketches of the three proposed methods.
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Figure 6: General sketches of the proposed pressure application concepts. From left to right are
the (a) fluid, (b) tension, and (c) mechanical modes for pressure.
The fluid mode of pressure application would involve the use of inflatable air bladders secured
around the calf. This mode is often used in currently patented or on-the-market solutions, but it
has room to be developed into a low-profile and portable device which would satisfy the proposed
criteria.
The tension mode of pressure application would involve the use of cables or bands around the calf
which get pulled in tension through either active or passive actuation. This method of pressure
application is not currently used in lymphedema maintenance devices. The idea has the potential
for an extremely low-profile design.
The mechanical form of pressure application is best reflected in the idea of foam rollers used to
massage muscles in athletics. Using actuated rollers which would be driven up and down the calf,
a more than adequate amount of pressure could be usefully applied. However, it is difficult to
imagine an implementation of this design that is not bulky or overly complex in design.

6. Subsystems and Key Features
With mode of pressure application chosen, a specific design was conceived for development. This
design can be broken into three distinct subsystems: The Wearable System, the Air Bladder
System, and the Valving and Control System.

6.1. Wearable System
The wearable system is the primary system to interface with the user’s leg. This system was
designed with the criteria concerning ease of use and comfort in mind.
The inner polyester/spandex fabric of the sock is antimicrobial and moisture-wicking with a 4-way
stretch. It was intended to help prevent bacterial growth that could develop after wearing the sock
and sweating all day. Such bacterial growth could cause infection in sensitive regions of the skin,
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which may ulcerate or have lesions. Infections could be detrimental to patient health, especially if
gone untreated, so the team sought to prevent as many of the risks as possible.
A compression garment was requisite for the purposes of this project because it would ensure that
there was a compressive element that reached the foot, which also generally shows signs of
swelling due to lymphedema. The garment would then extend up the calf to ensure the entirety of
the distal limb would experience a degree of compression. A compressive nylon/spandex fabric
was layered on the external side of the garment to provide the necessary compression. This fabric
was added to give the garment additional structure and thickness that the antimicrobial fabric alone
lacked.
One of the risks associated with many compression socks, however, is that the constant pressure
on the skin can cause ulcers or sores to form where the skin has weakened or thinned due to the
swelling. This most commonly occurs at the top of the foot, where the foot intersects with the leg.
Therefore, a non-compressive stretch mesh was placed on the top of the ankle.
User comfort was prioritized during the making of the compressive garment. Internal seams were
cut down as much as possible to safeguard the user against discomfort due to bulges from excess
material creating focal pressures on the skin. Seams were also placed strategically to maximize
patient comfort.
Dual-layer
antimicrobial fabric
and compressive
fabric
Non-compressive
stretch mesh

Figure 7: Sketch of the device's compression sock component.
The second component in the wearable system was the outer pocketed wrap that contained the
airbag layer, pictured in Figure 8. The wrap consists of two layers of the compressive nylon that
are stitched together strategically to create four pockets or channels for the airbags to slip into from
the sides. The compressive nylon provides external pressure to the airbags to ensure that they do
not balloon excessively when inflated, keeping the device low-profile. The channels were curved
to fit the geometry of the calf. On the posterior side of the leg, there is an opening for a tube fitting
connected to each airbag and attached to the tubing that moves up the leg. Once the tube fittings
are positioned at the back side of the leg, the user can pull the sides to the anterior side of the leg
and fasten the wrap using Velcro along the shin.
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Figure 8: Schematic of the wearable system, including the outer pocketed wrap and compression
sock.

6.2. Air Bladder System
The air bladder configuration and shape were chosen to best meet the criteria given and allow for
the most efficient system. The curve of the airbags was modeled after the curvature of the
compressive outer wrap discussed in the previous section. The airbags were constructed from
PVC-coated nylon that was heat welded along the edges of the air bladders.
The air bladders experienced sequential inflation to apply peristaltic compression up the leg. To
reduce the chances of backflow, two airbags always had to be inflated at any given point as the
sequence moved up the leg. The rotating valve and control system supplied and regulated the air
to each air bladder and actuated the inflation/deflation sequencing.

Figure 9: Curved airbags with tube fittings.

6.3. Valve and Control Systems
6.3.1. 6.3.1 Rotating Valve

The main purpose of the rotating valve was to allow for the direction of air into and out of the air
bladders in succession to create the peristaltic pressure application desired by the criteria of the
design.
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The design of a custom valving system was necessary for this design. With high priority criteria
for a low-profile and low weight design, many existing methods for opening and closing airways
toward valves were either overly complex (creating an overdesign within the project) or too large
and heavy to be worn on a patient’s body while remaining low-profile.
To avoid problems that would have been created by an electronic valve system, the rotating valve
was designed. Many iterations were made of this valve because it needed to fulfill some highly
complex criteria such as being rotational, air tight, light-weight and manufacturable, seen in Figure
12. The final design for the rotating valve can be seen in Figure 10. An exploded view rendering
of the valve can be seen in Figure 11. The valve works by rotating the inner can of the valve
between four different stages. The body of the inner can contains two holes, the inlet and outlet
ports which connect directly to the air pump. Those two ports line up with two rows of holes on
the outer can. One row is responsible for inflating the bladders and one row is responsible for
deflating the bladders. Each of the four air bladders corresponds to one inflation hole and one
deflation hole. A rubber strip with two holes was wrapped around the inner can to create an airtight seal to prevent leakage.

Figure 10: Final iteration of rotating valve attached to servo motor.

Figure 11: Exploded rendering of the rotating valve.
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Figure 12: Rotational Valving Iterations
Air bladders were numbered in sequence moving up the leg. The first stage fills air bladder 1 with
air from 3. The second stage fills bladders 2 with air from 4. The third stage fills bladders 3 with
air from 1. The fourth and final stage fills air bladder 4 with air from 2. If there is no air to draw
from a given air bladder, air is taken in from the room. By inflating and deflating in this sequence,
peristaltic pressure application is achieved.

6.4. Key Features of Overall Design
The team chose to name their final device LymphGo to emphasize the importance of a mobile
device designed to address lymphedema. The functional schematic below in Figure 13
demonstrates how all of the subsystems function as a single unit.

Figure 13: Overall interface and function of design components.
With so many electrical and mechanical components contributing to the overall function of the
device, the team had to develop a way to house these components away from the limb to prevent
excess weight from inhibiting walking gait. The team therefore chose to place the mechanical and
electrical components in a fanny pack stationed at the hip, as pictured in Figure 14.
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Figure 14: Final iteration of outer airbag wrap with channeled pockets, alongside fanny pack
containing electrical and mechanical components.

Figure 15: Final iteration of compressive garment and wrap pictured on last.

6.5. Testing
6.5.1. Motion Capture
6.5.1.1.

Methods

The team tested if wearing the device would affect walking gait using a motion capture system.
The team observed ankle flexion to ensure the compression from the sock did not hinder motion.
Similarly, knee extension was observed due to the weight of the device. Finally, as external devices
can cause a discrepancy in hip height due to restriction of motion, the team wanted to ensure that
no such loss of symmetry in walking gait was caused by the device. As the device was designed
to fit the geometry of Jenna’s leg, Jenna served as the test subject.
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The test was conducted using six cameras. The cameras were set up on tripods and positioned
along a set volume of area that the subject could walk through. Additionally, retroreflective
markers were placed on Jenna’s toes, ankles, knees, and hips, these are tracked by the cameras so
that the team could know the position of any of Jenna’s body segments at any point in time. This
data allowed the team to gather properties about Jenna’s gait with and without wearing the device
to see if it negatively impacted her walk.

Figure 16: Image of Jenna during walking gait testing.

Figure 17: Motive software's recording of retroreflective markers during stride.
The team chose to evaluate hip displacement due to the intended long-term use of the product. One
of the concerns with wearing a walking boot for a long period of time after a foot or lower leg
injury is that the restriction of motion to the lower leg causes an individual to lift their leg higher
or swing their leg outward to get themselves into their next step.
Additionally, knee extension was evaluated to ensure that wearing the device was not hindering
general walking gait, such as by making the user walk stiff-legged, which would increase the risk
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of injury. Ankle flexion was evaluated to ensure that the custom compression stocking was not too
tight as to restrict motion. Additionally, because the outer wrap with the airbags was not secured
to the leg other than by means of Velcro, maximum plantarflexion angle had to be observed to
ensure that the wrap was not slipping down the leg and interfering with ankle motion. Finally,
walking speed was evaluated as a general precaution, since excess weight can cause one to lift the
leg with the added weight at a slower rate.
6.5.1.2.

Results

The motion capture testing was utilized to gather gait properties. The pertinent properties were
flexion angles of the knee and ankle, the speed of the gait and the vertical height of the hip. A plot
of these various conditions can be found below for trials with and without the device. From each
plot it was determined that the data with and without the device was well within 10% of each other,
if not nearly equivalent in both trials. Therefore, with this amount of testing considered, the team
was assured that the device was not negatively impacting the walking properties of the subject.

Figure 18: Plot of left hip height throughout device and non-device trials.

Figure 19: Plot of right hip height throughout device and non-device trials.
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Figure 20: Ankle plantarflexion across device and non-device trials for left limb.

Figure 21: Knee extension across device and non-device trials for left limb.
6.5.2. Breathability
6.5.2.1.

Methods

From April 8, 2019 to April 9, 2019, the team conducted a breathability test to evaluate how much
water could seep through the fabric during a 24-hour period. The purpose of this test was to
determine if the materials used in the project could optimize user comfort. If the user wears the
device all day, it would be uncomfortable if the material had a high water retention because the
user’s feet would likely feel sticky and wet from sweat. The team chose to evaluate the
breathability of just the compressive stocking. The reasoning behind this was that the air bladder
layer would likely be not breathable at all because the physical airbags had to be impermeable to
be airtight.
To test the breathability of the compressive garment, the team elected to use the Inverted Cup
Method [8]. During this test, a plastic cup was filled partially with water and the antimicrobial
fabric followed by the compressive fabric were secured to the top of the cup with a rubber band,
as pictured below in Figure 22. The mass of the cup with the water was first measured prior to
securing fabrics.
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Figure 22: Image of a single cup test set-up prior to inversion.
A second cup was then secured to the top of the water-filled cup using duct tape to minimize
chances of leakage. This set-up was repeated for three separate trials, all of which are pictured in
Figure 23. At first glance, the fabrics originally let a fair amount of water seep through within the
first 30 minutes of testing. However, this amount plateaued very rapidly thereafter. After the 24hour period was complete, the upper cup with the fabric attached was removed and the mass of the
lower water-collection cup was recorded.

Figure 23: Three trials pictured approximately 30 minutes after inversion.
6.5.2.2.

Results

The initial and final masses recorded are presented below in Table 3.
Table 3: Inverted Cup Method results.
Inverted cup
Collection
initial mass
cup final mass Percent permeable [%]
[g]
[g]
Trial 1
84
13
15.5
Trial 2
84
11
13.1
Trial 3
84
6
7.1

Average percent
permeable [%]
11.9
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The average percent permeability of the three trials was 11.9%, representing the amount of the
total water that passed through the layers. This is lower than the team had originally hoped for and
anticipated, but it gave the team insight as to why the breathability was so low.
The first reason is because the fabrics were layered on top of the cup, creating a thicker barrier for
the water to have to pass through. The second reasoning is because the fabrics were not stretched
fully across the top of the cup. When stretched fully underneath a lightly running sink, more water
passed through each layer individually. Of the two fabrics, the compressive nylon seemed to be
the most breathable. It made sense that the antimicrobial fabric performed worse in terms of
breathability since it is specifically a moisture-wicking fabric. As an example, raincoats are
moisture-wicking as they repel water; however, they are not always very breathable. This is one
of the compromises that was made by using the moisture-wicking antimicrobial fabric. The team
felt that having an antimicrobial fabric was crucial to user comfort and health when wearing the
device, so a compromise was made in the breathability sector. The compressive garment was
designed as a separate entity from the airbag layer, so the compressive garment could be handwashed daily. Therefore, the team is sure that this thoughtfully designed component, that allows
users to wash and reuse the stocking component, would still be satisfactory for a user despite its
lower breathability.

7. Conclusions
7.1. Summary of Project
This capstone team was tasked with creating a wearable device to be used by active individuals
which supplies sufficient rolling pressure from the user’s ankle up their calf to lessen or maintain
the symptoms of lymphedema. The project aimed to address lymphedema, an insufficiency of the
venous system that allows for fluid to pool in distal limbs, causing swelling, in a more effective
and consumer-friendly way than current solutions such as compression socks. The project was
proposed by the team’s external project sponsor, Dr. Nathan Kemalyan, a surgeon with experience
with lymphedema in his patients from Legacy Medical. After thoroughly vetting potential pressure
mechanisms, the team decided to make a pneumatic system that would apply pressure through
inflatables attached to the distal, swollen limb. This device consists of three distinct but interfacing
subsystems: a wearable component, a pump and valving system and the inflatable air bladders.
Each subsystem was iteratively designed and prototyped throughout the timespan of the project.
The result of the capstone project was three sophisticated subsystems that were integrated into a
single device for optimized functionality. The airbags were made curved, to more seamlessly wrap
the leg, maximizing the surface area for pressure application. The wearable system was made from
dual layer stretch fabric with anti-microbial layers added to the areas where the device would touch
the surface of the leg, maximizing comfort while minimizing potential biohazards such as
infection. This subsystem also integrated ergonomic elements such as porous breathable mesh over
highly sensitive areas on the limb to reduce risk of sore formation. Finally, the pump and valving
system was made minimally weighted to fit within an encasement worn around the patient’s waist.
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The valving system was machined for manufacturability and minimal air loss. This system also
allows for cyclic inflation to prevent the pooled fluid from backflow within the leg, ensuring its
efficacy. These subsystems in unison create not only an effective proof of concept for the pressure
application method chosen but also an advanced yet simple design to address the need for
lymphedema management.

7.2. Evaluation of Design Criteria and Constraints
The criteria and constraints developed by the team at the onset of the project were assessed for
their completion at the conclusion of the project. Below, Table 4 shows the level of completion for
each criteria and constraint.
Table 4: Assessment of Criteria and Constraints
Status
Method of
Constraint
Evaluation
Completed
Ruler
The profile should not exceed a thickness 1 inch
from the surface of the leg
Completed
Scale
The weight should not exceed 1.5 pounds on the
user’s leg
Completed
Budget tracking The final device’s cost of assembly should not
sheet
exceed $150
Completed
External Client The appearance of the device should meet the
aesthetic criteria of the client
Completed
Inverted cup
The device should pass a ‘breathability test’
test
Not Completed
IRB approval
Maintains or reduces swelling in individuals with
and human
stage 1-3 lymphedema
subject testing
Completed
Rotational
Apply a massaging pressure up the leg
ability of valve
Completed
Pressure Sensor Apply pressures from 15-40 mmHg
Completed
Timed
Takes less than 90 seconds to don and doff
Completed
Motion Capture Slows walking speed by less than 10%
test
Completed
Motion Capture Reduces ability for ankle flexion/extension by less
test
than 10%
Completed
Motion Capture Skews hip alignment no more than 10%
test

Priority
High
High
Medium
Medium
Low
High
High
High
Medium
Medium
Medium
Medium

To quantify the profile of the device, its thickness was measured, and its mass was collected using
a scale. The results of these measurements can be found below in Table 5.
Table 5: Form Factor Data of Device
Criteria Topic
Result
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Weight (Garment)
Weight (Control System)
Profile (Garment)

190 g (0.41 lb)
524 g (1.11 lb)
1 cm (.393 in)

As seen in the table, the weight of the component on the leg was 0.41 lb, which was far below the
maximum 1.5 lb outlined by the team. The total weight of the device, including the electrical and
mechanical components in the fanny pack, was 1.52 lb. The team therefore considered this
criterion successful because the weight of the device on the leg was within range. At maximum
inflation, the profile did not extend beyond approximately 0.4 in off the leg, which was within
range of the team’s 1 inch maximum.
The final cost of the device came out to be approximately $130, which was less expensive than the
$150 maximum outlined by the team.
The material had some breathability, which was successful; however, the team is conscious that
some breathability had to be sacrificed for the functionality of the air bladders.
Using testing with the pressure sensor, the team can confirm that the device supplied massaging
pressure at 15-40 mmHg, as desired.
The team confirmed the device takes less than 90 seconds to put on and take off. In fact, the device
took less than approximately 25 seconds to don and off.
Finally, based on the biomechanics motion capture testing, the team is confident that the device
did not have a significant negative impact on walking speed, hip alignment, or ankle flexion.
The only criterion that the team was unable to address was that the device either manages or lessens
swelling for stage 1 to early stage 3 lymphedema. In order to confirm this, the team would need
approval from an Institutional Review Board to perform human testing. This would have required
more time, in addition to willing participants to be involved in the testing. This is something the
team hopes will be addressed in future work.

7.3. Future Work
A successful project was produced by this capstone team. However, there is much room for
expansion of this project with continued time, budget and resources. There are many areas where
this design can be fine-tuned to better accomplish the goals of the problem statement.
One area the group considered as beneficial to implement is a greater degree of adjustability.
Lymphedema patients range in size and swelling severity. The prototype made by the group was
made to be testable and therefore was made at a single size with a member of the group as the
model for sizing. Future adaptations would benefit from an adjustability component that not only
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secures the device to the leg more effectively and comfortably but also allows for patients to use
the device when their own personal swelling is higher or lower than when they originally obtained
the device. An element of this design the group considered implementing was a BOA tightening
device. This system not only is user friendly, but it is also low profile.
In addition, it is possible to engineer smaller, lighter weight components such as the valving
system, motor and Arduino microcontroller. It is likely these elements could be substantially
minimized in size and weight, making the entire device more accessible for consumers.
Future work would be valuable in exploring manufacturable internal structures for the air bladders
to restrict their inflation, thereby creating an even smaller profile. This was a component the team
prototyped but did not carry into a manufacturable iteration.
The future integration of a user control system interfacing with the device would allow consumers
to gain feedback into the functionality of the device. This includes its power level, customizing
the amount of pressure applied, setting running timers and tracking the progress of their own levels
of swelling. These improvements to the design would allow this device to progress into a more
effective, consumer-ready product to lessen or maintain lymphedema symptoms.
Finally, the team would recommend performing fatigue tests on the air bladders. Currently, the
team does not know the life of an individual air bladder, but this is something that would need to
be evaluated for the product to make it to market. Depending on the anticipated life of the air
bladder, new materials or construction methods should be considered.
The team would ultimately like to see this device make it to market because of its potential to
provide mobile, pneumatic pressure applications. In order to do so, human testing would be
required to evaluate not only user comfort, but also the effectiveness of the pressure application.
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A1. Appendix I
A1.1.

Final Budget and Expenditures

Table 6: Overall budget and spending throughout the course of the project.
Item
Quantity Cost Per
Total
Unit
Cost
Micro Diaphragm Pump
2
37.00
84.00
Arduino MEGA
1
38.50
40.19
Fabrics
1
42.97
42.97
Vinyl Tubing
25
0.36
9.00
O-Rings
1
3.49
3.49
Pressure Sensor
1
14.95
31.10
Vinyl Adhesive
1
6.15
6.15
Arduino Battery
2
14.95
61.43
Circuit Headers
4
0.50
2.00
Check Valves
4
0.82
32.09
Wire Kit
1
9.95
9.95
Threaded Adapters
1
4.60
4.60
Fanny Pack
1
8.88
8.88
Plastic Fittings
1
14.00
14.00
Super Glue
1
2.99
2.99
Total Cost
$431.43
Left in Budget
$70.57

A1.2.

Shipping
10.00
1.69
0.00
0.00
0.00
16.15
0.00
31.53
0.00
28.81
0.00
0.00
0.00
0.00
0.00

Final Timeline

Table 7: Timeline of completed objectives from 2018-2019.
Month
Week
Accomplishments
1
• Defined problem statement (9-3)
2
• Developed criteria and constraints (9-10)
September
3
• Refined criteria and constraints (9-17)
4
• Brainstormed preliminary ideas (9-24)
5
• Built specific preliminary concepts: Pneumatic, Tension and
Mechanical pressures (10-1)
6
• Budgets drafted for brainstormed ideas (10-10)
7
• Made decision from early concepts: Wearable Pneumatic
October
Compression (10-17)
8
• Met with Helen Christians for the first time (10-25)
• Project Plan Submitted (10-26)
9
• Developed chosen plan (10-31)
10
• Decided on configuration of pneumatic compression device (11-06)
November
11
• Decided on diaphragm pump for air delivery (11-12)
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12
13
December
January

February

14
15
16
17
18
19
20
21
22

March

23
24
25
26
27

April

28
29
30

A2. Appendix II
A2.1.

Drawings

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Chose materials for wearable construction (11-18)
Ordered major components for next semester (Arduino, pumps)
Completed poster for showcase (11-29)
Completed First Semester Design Report (12-3)
Finals Week
Reconvened from break, planned for second semester (1-14)
First proof of concept for rotating valve introduced (1-23)
Acquired materials for wearable and control systems (1-30)
Got Sue Bonde to agree to help us (2-8)
Created technical sketches of wearable system (2-8)
Developed method to construct air bladders (2-13)
Created a last to build the wearable system onto (2-20)
Logo design completed by Spencer Scott (2-20)
Completed prototype of inner wearable layer (2-27)
Internal structure prototype made (2-27)
Completed slides for Project Update 2 (2-29)
Created a design for machinable rotating valve (3-8)
Spring Break
Created curved heat press for air bladders (3-18)
Completed Project Update Slides 3 (3-27)
Finished inner layer of garment (3-29)
Finished final iteration of rotating valve (4-1)
Completed sewing of garment (4-6)
Welded all air bladders together (4-7)
Assembled subsystems into final prototype (4-8)
Carried out motion capture testing on device (4-9)
Completed presentation for practice presentations (4-12)
Completed and submitted final design report (4-19)
Presented work at Shiley Showcase (4-26)
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Figure 24: SolidWorks drawing for the inner can of the final valve iteration.
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Figure 25: SolidWorks drawing for the outer can of the final valve iteration.

